Abstract: Protein kinase A (cAMP dependent protein kinase catalytic subunit, EC 2.7.11.11) binds simultaneously ATP and a phosphorylatable peptide. These structurally dissimilar allosteric ligands influence the binding effectiveness of each other. The same situation is observed with substrate congeners, which reversibly inhibit the enzyme. In this review these allosteric effects are quantified using the interaction factor, which compares binding effectiveness of ligands with the free enzyme and the pre-loaded enzyme complex containing another ligand. This analysis revealed that the allosteric effect depends upon structure of the interacting ligands, and the principle "better binding: stronger allostery" observed can be formalized in terms of linear free-energy relationships, which point to similar mechanism of the allosteric interaction between the enzyme-bound substrates and/or inhibitor molecules. On the other hand, the type of effect is governed by ligand binding effectiveness and can be inverted from positive allostery to negative allostery if we move from effectively binding ligands to badly binding compounds. Thus the outcome of the allostery in this monomeric enzyme is the same as defined by classical theories for multimeric enzymes: making the enzyme response more efficient if appropriate ligands bind.
Introduction
The term allostery is used to describe a characteristic property of a protein molecule, most commonly represented by its affinity for a functionally important ligand being governed by binding of another ligand at a remote site of the same protein molecule (www.merriamwebster.com/dictionary). Formulation of this principle by Monod, Wyman and Changeaux in 1965 [1] and the following developments have been comprehensively summarized, including a recent review by Cui and Karplus [2] . It is important to emphasize that the classical models of allostery assume that the binding sites and regulatory sites of allosterically governed protein are located on distinct subunits of multimeric protein complex [1, 3] . The presence of these sites on distinct subunits leads to the occurrence of both homotropic and heterotrophic allosteric regulatory mechanisms, depending whether the same ligand interacts with both regulatory and functional sites, or these sites are occupied by different ligands.
More recently the understanding of allosteric regulation of protein functions has been broadened, and now it is generally accepted that allosteric regulatory effects may be observed within monomeric proteins, which possess two allosterically coupled binding sites [2, [4] [5] [6] . In this case the binding properties or activity of one site depends on the degree of occupancy of another site. Activity of all bisubstrate enzymes, which simultaneously interact with two substrate molecules and form ternary enzyme-substrate complex, could therefore be regulated allosterically. However, surprisingly very little information is available about this aspect of biocatalysis [4] [5] [6] .
In this review, this widened definition of allostery has been applied to the peptide phosphorylation reaction, catalyzed by the cAMP dependent protein kinase catalytic subunit (protein kinase A, EC 2.7.11.11). This enzyme transfers the γ-phosphate group directly from ATP to the peptide substrate [7] . For realization of this in-line phosphoryl transfer process, protein kinase A (as well as other protein kinases) are likely to form a ternary complex with ATP and peptide. This dynamic protein therefore appears to be an excellent candidate for allosteric regulation. As summarized by Gerstein et al. [8] , the minimal structural requirements for cooperative interactions are that the coupled binding sites are located in the interface between two domains. These sites can exist in different locations relative to each other, and the protein will undergo conformational changes upon binding to the sites, for example, following the hinge-bending motion found in many proteins. Protein kinase A precisely matches these requirements [9] .
Our recent kinetic studies have revealed that the catalytic activity of protein kinase A was indeed governed by interaction between binding sites of two different substrates which can be said to be allosteric [10, 11] . Moreover, allosterically regulated ligand binding properties have been observed for this enzyme also in several ligand binding studies, as summarized below. Protein kinase A is generally recognized as the model enzyme of the protein kinase superfamily, especially as far as the principles of the catalytic mechanism and substrate specificity are concerned [12] . These findings together with the results of the extra-thermodynamic analysis presented below may have vast implication for understanding the specificity of the regulatory phosphorylation phenomenon in general. For this analysis we compiled experimental data, which allow quantitative characterization of allosteric effects in protein kinase A, and analyzed these results in terms of linear free-energy relationships. This approach has been developed in physical organic chemistry and is widely used as an effective tool to study mechanism of chemical equilibria and reactions [13] .
Allostery in monomeric bi-substrate enzyme
Following the widened definition of allostery, all bisubstrate enzymes, which simultaneously interact with two substrate molecules and hence form ternary complex, could be potential candidates for allosteric regulation. This possibility is clearly stated by the randomorder equilibrium mechanism of bisubstrate reaction, as presented by the following reaction scheme:
(1)
In this reaction scheme affinity of the free enzyme for substrates A and B is characterized by dissociation constants K a and K b respectively, and allosteric properties of the system are quantified by the interaction factor α [14] . Following the concept of the microscopic reversibility, the interaction factor occurs always symmetrically, that is to say has the same value in both branches of the reaction path. If α < 1, there is a positive allosteric effect and affinity of the enzyme for the second substrate increases if the first substrate has been loaded beforehand. Conversely, if α > 1, negative allostery is observed and the pre-bound substrate hinders binding of the next substrate. Only when α = 1, ligands bind independently and there is no coupling between binding properties of their binding sites.
Interaction factor α can be calculated as the ratio of dissociation constants αK b and K b or αK a and K a , respectively. As these dissociation constants are linked with the free energy of complex formation (∆G = -RT ln K = 2.3 RT pK), the interaction factor α can be used to calculate the free energy of allosteric interaction ∆G allo , taking place between the enzyme-bound ligands A and B:
(2) where pα is the negative logarithm of the α value.
As logarithmic values of kinetic parameters are conventionally used in linear free-energy relationships instead of the appropriate ∆G values, the following correlations were also based on application of the pK and pα values.
Thus, the reaction scheme shown as Eq. 1 provides rather general, but also straightforward and simple algorithm for definition of allostery in any bi-substrate enzymatic reaction, including those catalyzed by a monomeric enzymes. This definition is also not affected by details of the following covalent steps of the catalytic process. These dissociation constants may be determined directly, for example by using spectrometric methods, as discussed below. However, the interaction factor can also be calculated from steady-state kinetic data [15] . This is especially the case if the second-order rate constants of the enzymatic reaction are used to characterize ligand interaction with the free enzyme to avoid complications raised by complex mechanism of the catalytic steps [16] .
If the reaction scheme (Eq. 1) is applied for the protein kinase A catalyzed peptide phosphorylation reaction, substrate A stands for ATP-Mg complex, further denoted for simplicity as ATP, and B stands for peptide substrate. As the present analysis was focused on binding data, the reaction steps of this process were tagged by the catalytic rate constant k cat in Eq. 1, and in kinetic study the second-order rate constants were preferably used to avoid problems raised by the complex kinetic mechanism of the catalysis [16, 17] .
Allostery in reversible inhibition of protein kinase A
The reaction scheme above can be extended to describe allosteric interactions of enzyme E with an additional ligand I [18] . In general, this ligand can bind with both substrate sites and form the ternary complexes EAI or EBI. Further, we also suggest that the quaternary complex EABI can be formed, as shown in the following reaction scheme:
In Eq. 3 affinity of the free enzyme for substrates A and B and for ligand I are quantified by the dissociation constants K a , K b and K i , respectively. For generality, two more interaction factors, denoted as β and γ, are defined. These interaction factors have the same meaning as the parameter α in Eq. 1, and they characterize feedback between the appropriate binding sites in formation of the ternary complexes EAI and EBI, respectively. Different combinations of these parameters characterize formation of the quaternary complex EABI, included into the reaction scheme to depict the most general case. The formation of EABI has also been documented in kinetics of protein kinase inhibition by certain inhibitors [11] .
If the value of the interaction factors β and γ remains below unity, simultaneous binding of any of two ligands with the enzyme will be enhanced in comparison with their binding with the free enzyme and a positive allosteric effect will be observed. Alternatively, a decrease of the enzyme affinity occurs if the appropriate interaction factor is above unity, and this situation is defined as a negative allosteric effect. In a monomeric enzyme both these cases should be classified as heterotropic allosteric effect, as different ligands are involved.
Prior observations of protein kinase A allostery
The influence of ATP on binding effectiveness of peptide inhibitors with protein kinase A has been observed in many papers, and initially this phenomenon has been described as synergism of ligand binding. Firsthand, a synergistic effect was observed in interaction of the catalytic and regulatory subunits of protein kinase A. Without ATP the complex was characterized by the dissociation constant 125 nM [19] . However, if interaction between the catalytic and regulatory subunits was assayed by surface plasmon resonance in the presence of excess of ATP (more precisely ATP-Mg complex), the dissociation constant was found to be 0.04 nM when calculated from on-rate and off-rate kinetic data [20] . Later, a similar dissociation constant, equal to 0.1 nM, was published by Gibson and Taylor [21] . From these data the γ values 0.0003 to 0.0008 can be calculated as ratio of the dissociation constants for the ligand-enzyme complex, denoted as K i in Eq. 3, and the dissociation constant for ligand-enzyme-ATP complex, denoted as γK i in the same Scheme 3. A similar situation has been observed with the heat-stable inhibitor protein PKI, which effectively binds with protein kinase A. In the absence of ATP the enzyme affinity for this inhibitor was characterized by the dissociation constant 2.3 µM [19] . For the same compound, however, inhibition constants 2 nM [22] and 0.49 nM [23] were determined at saturating ATP and zero peptide substrate concentrations. Analogously, the interaction factors 0.0009 and 0.0002 were calculated from these binding data.
These results clearly demonstrate that the stability of protein kinase A complex with these potent inhibitors can be increased by more than three powers of magnitude in the presence of ATP-Mg complex. However, as seen in the reaction scheme shown by Eq. 3, a similar increase should be observed in ATP binding effectiveness in the presence of these inhibitors, as both dissociation constants include the same interaction factor γ. Indeed, this enhancement of protein kinase A affinity for ATP has been found experimentally, as the dissociation constant, ranging between 20 and 60 nM, was determined for interaction of ATP with the enzyme-PKI complex [23] . Using the dissociation constant 49 µM for ATP complex with the free catalytic subunit of this enzyme [11] , the interaction factor 0.0008 was calculated from these data. This value corresponds well with the results above, calculated from binding data for PKI.
Subsequently, ATP binding with acrylodan-modified protein kinase A catalytic subunit has been studied in the presence and absence of different peptide inhibitors, including the regulatory subunit and PKI [24] . As labeling of this protein had no significant effect on catalytic properties of the enzyme, these data were also used for calculation of interaction factors. Comparing binding effectiveness of ATP with the free enzyme and with enzyme-inhibitor complexes, the γ values 0.0001 and 0.0005 were calculated for the regulatory subunit and PKI respectively. These values correlate well with the results referred above, especially taking into consideration significant uncertainty limits of the available data.
In summary, agreement between the results of various experiments support the basic principle, formulated by Eq. 3, that changes in enzyme affinity which are induced by ligand binding cannot be treated as specific influence of ATP on peptide binding. In fact, following the basic principle of microscopic reversibility, these effects have no direction in chemical equilibrium, and the same interaction factor γ quantifies alteration of the enzyme affinity for both ligands A and I. Certainly, the term synergistic binding did not open this very important aspect in the best way.
Allosteric interaction between ATP and peptides
Experimental data for protein kinase A interactions with peptide inhibitors and substrates, which allow insight into the allosteric properties of this enzyme, were compiled from the literature and are summarized in this paragraph. Understandably, majority of these data have been obtained in the presence of ATP, acting as the second ligand needed to exert allostery. Proceeding from these data, allosteric effects were quantified using the algorithm described above, and the results were charted as negative logarithmic values of the interaction factors α or γ in the pγ (as well as pα) values and the pK-constants characterizing protein affinity for ligands. Table 1 also contains data regarding the affinity of the free enzyme for all listed ligands, as these data were needed for the following analysis. Firstly, the results characterizing protein kinase A interaction with the regulatory subunit and PKI were listed (Table 1) . For these inhibitors the mean pγ values 3.8 and 3.3 were calculated from multiple results referred above. For PKI fragments PKI(5-24) and PKI (14) (15) (16) (17) (18) (19) (20) (21) (22) , the γ values 0.0003 and 0.15 were calculated using the results of ATP binding with acrylodan-modified protein kinase A [24] . The same γ values were thereafter used for estimation of affinity of the free protein kinase A for these peptides, proceeding from the conventional inhibition constants measured at high ATP concentration. Accordingly, for PKI(5-24) the inhibition constant 0.2 nM [25] yielded the K i value 0.7 µM. For PKI(14-22) the inhibition constant 1 µM was mentioned by Lew et al. [24] , yielding the K i value 6.5 µM. For Ala-kemptide amide (LRRAALG-NH 2 ), K i = 161 µM and γ = 0.3 were directly determined from a complex kinetic study [11] . And finally, Ala-kemptide binding with the enzyme has been assayed in the presence and absence of ATP, yielding the dissociation constants 230 µM and 320 µM, respectively [23] . The γ value 1.4 was calculated from the latter data. Taking together, the interaction factor for protein kinase A inhibition by peptides varied almost four powers of magnitude, pointing to very significant role of allostery in the kinetics properties of this enzyme.
Secondly, data about allosteric effects in the protein kinase A catalyzed peptide phosphorylation reaction were listed in Table 1 . These data were compiled from our recent study, where kinetics of phosphorylation of seven different peptides was measured and both pK b and pα values were calculated from the steady-state kinetic data [10] . As substrates of various structure and binding affinity were used in this work, clear dependence of the interaction factor upon substrate structure was revealed. Although in this case the allosteric effects were not as big as for peptide inhibitors, still the variation in interaction factor covered one power of magnitude.
A clear trend between the magnitude of the allosteric effect and effectiveness of peptide binding can be observed in Table 1 , as more efficient peptide binding is accompanied by a bigger allosteric effect. This trend had been previously observed, and the principle "better binding: stronger allostery" was formulated [10, 11] . This qualitative pattern was formalized in terms of linear freeenergy relationships, as described below.
Allostery with ATP analogs
Enhancement of ligand binding with protein kinase A has also been observed in the presence of several ATP analogs, including AMPPNP, ADP and adenosine [24] . Interaction factors were calculated from these data for different ligand-peptide pairs as listed in Table 1 . In addition to these data, complex formation between protein kinase A, AMPPNP and kemptide (LRRASLG) was studied by using NMR spectroscopy and the dissociation constants for AMPPNP with the free enzyme and with the enzyme-kemptide complex were published [26] . These data allow calculation of the pγ value 0.5 for AMPPNP (β,γ-imidoadenosine 5′-triphosphate) and kemptide pair, as seen in Table 1 . As all these ligands are recognized as ATP-site directed inhibitors, it seems to be natural that these results characterize allosteric properties related to this binding site.
It can be seen in Table 1 that the principle "better binding: stronger allostery" can be applied for both ligands involved in allosteric interaction. This principle was valid for adenosine, AMPPNP and ADP, characterized by pK i values from 3.7 to 4.6. The same trend was observed for peptides of various binding effectiveness. Therefore, the dependence of allostery upon ligand structure seems to be a general property of this enzyme.
The results listed in Table 1 reveal that the allosteric effect, observed for the regulatory subunit, PKI and PKI(5-24) in combination with ATP, was much bigger if compared with similar effect observed in the presence ADP and AMPPNP, although binding effectiveness of all these nucleotides with the enzyme was rather similar. Thus, some additional interactions should govern the binding effectiveness of ATP and extra potent peptide inhibitors. These interactions were addressed more definitely by means of the following extra-thermodynamic analysis.
Linear free-energy relationships and allostery
Interrelationship between the effectiveness of ligand binding and magnitude of the accompanying allosteric effect can be qualitatively formulated by the principle "better binding: stronger allostery". This principle has been formalized in terms of linear free-energy relationships between pα and pK b values [10] and pγ and pK i values [11] , using the following correlation equations:
and pγ = C i + S i pK i
These equations compare the free energy related parameters pα and pγ, which characterize allosteric interaction between the enzyme-bound ATP and peptide, with the free energy related parameters pK b and pK i , characterizing binding of these ligands with the enzyme. The parameters S b and S i stand for slopes of these linear interrelationships, characterizing the degree of similarity of the effect of ligand structure upon allostery and binding. A summary of these plots is shown in Figure 1 .
It can be seen that data for peptide substrates, marked by filled circles in Figure 1 , follow Eq. 4, as initially mentioned in our previous paper [10] . These data were characterized by the intercept value C b = -1.4 ± 0.1 and by the slope value S b = 0.43 ± 0.03. This correlation covers the main interval of protein kinase A affinity for synthetic and perhaps even for physiological substrates, ranging between millimolar and sub-micromolar concentrations. Therefore, this dependence might have rather general meaning for this enzyme.
Data for inhibitory peptides, marked by empty circles in Figure 1 , show a more complicated pattern. Initially it was suggested that a common linear free-energy relationship, presented by Eq. 5, can be applied for all these inhibitors [11] . However, consolidation of these data with more recent results for substrate peptides [10] has changed this hypothesis. It can be seen in Figure 1 that the data points for inhibitory peptides form very clearly two separate series. The first series consists of three peptides, marked as compounds IV -VI in Table 1 . Data for these inhibitors fitted well into the correlation obtained for peptide substrates, and the conditions C i = C b and S i = S b in Eqs 4 and 5 should apply for these compounds. This conclusion was confirmed by processing these consolidated data, yielding the slope value 0.43 ± 0.05 and intercept value -1.4 ± 0.2 (r = 0.95), which did not differ from the parameters calculated for peptide substrates alone [10] . Consequently, the same mechanism should govern interrelationship between allostery and ligand binding effectiveness of these inhibitors and substrates.
It can be seen in Figure 1 that points for the regulatory subunit, PKI and PKI(5-24), labeled as ligands I -III, were apart from the common correlation obtained for substrate and inhibitory peptides. Of course, protein kinase A has high affinity for these peptides, but still not sufficiently high to justify the pγ values above 3 logarithmic units. This means that the allosteric properties of these potent inhibitors are possibly enhanced through some additional interaction mechanism, which does not operate with other inhibitors and substrates.
The fact that some peptide/protein inhibitors reveal specific binding properties has been explained by additional interaction of the N-terminal helix and P-6 arginine of these peptides with the catalytic subunit of protein kinase A. The role of these interactions in the binding process was discussed in detail by Kim et al. [27] . However, proceeding from the linear free-energy relationships shown in Figure 1 , these specific effects can be quantified by calculating deviations of the experimental pγ values from the correlation line for other inhibitors that lack the N-terminal helix and the P-6 arginine (compounds V-XIII). It appears that the values of these specific effects, which characterize the additional influence of the N-terminal helix and the P-6 arginine on affinity of these extra potent inhibitors, do not depend on the structure of other parts of these peptides. Therefore an extra term Z i was included into the correlation equation to consider this additional effect:
For most peptides Z i = 0, and for the regulatory subunit, PKI and PKI(5-24) Z i = 2. Although the physical background of this extra effect Z i should emerge from some separate study, this way of definition and quantification of new interactions is undoubtedly an important merit of the extra-thermodynamic approach used.
Until now we have discussed the influence of peptide structure on protein kinase A allostery, as Figure 1 . Linear free-energy relationship between pα or pγ, characterizing allosteric interaction of the enzymebound ATP and peptides, and pK a or pK i values, characterizing affinity of the free protein kinase A for these ligands. The interaction factors α and γ were calculated for compounds I -XIII listed in Table 1. all data involved were obtained using ATP as partner ligand. However, results compiled in Table 1 clearly demonstrate that allosteric behavior of protein kinase A were not distinctively connected with ATP binding, and this effect was observed also with ADP, AMPPNP and adenosine. To compare allosteric effects of these ligands, the correlation of pγ vs. pK i for peptide inhibitors was reanalyzed. However, in this plot data for all ATPsite directed ligands were included (Figure 2) . Circles denote data for ATP, squares stand for AMPPNP, triangles for ADP and data for adenosine are marked with stars. Peptides were marked with arrows according with their pK i values and the numbers of arrows refer to the peptide list in Table 1 .
Interestingly, a common relationship can be observed for allosteric effects, observed in the presence of different nucleotides, with exception of the three data-points for potent inhibitors I -III and ATP ( Table 1) . Following Eq. 5 this common linear correlation is characterized by C i = -2.0 ± 0.4 and S i = 0.57 ± 0.07 (r = 0.94). Interestingly, data for the three extra potent peptide inhibitors were also described by this relationship, if other nucleotides except ATP were involved in analysis.
The common correlation shown for ATP, ADP and AMPPNP in Figure 2 demonstrates that these nucleotides have similar capacity to induce an allosteric effect. On the other hand however, allosteric effects observed in the presence of adenosine were relatively small and the appropriate experimental data clearly deviated from the common correlation line obtained for other nucleotides. As affinity of the enzyme for adenosine is also lower, this result is in good agreement with the principle "better binding: stronger allostery". This stresses that the binding effectiveness of the ligand molecule with the enzyme is the key factor for triggering the allosteric effect. As far as the binding effectiveness is governed by the ligand structure, the above principle refers also to the interrelationship between the allosteric effect and ligand structure.
General view on allosteric interactions
If the principle "better binding: stronger allostery" holds similarly for peptides and nucleotides, it can be expected that a common equation can be derived to describe the allosteric effect for different pairs of these ligands, independently whether their binding with protein kinase A results in the phosphorylation reaction or blocks the active site. Therefore, the interaction factor can be defined in more general way. For this definition the enzyme interaction with two ligands L 1 and L 2 should be considered, characterized by the dissociation constants K L1 and K L2 respectively, and by the common interaction factor χ, as shown in the Eq. 7 below:
Following this reaction scheme the χ values can be calculated as ratio of χK L1 and K L1 or χK L2 and K L2 . Importantly, χ is the equivalent of α, if data for ATP and peptide substrate are involved, or γ, if data for ATP and peptide inhibitors are involved. Using the χ values, the following general expression for allosteric effects can be represented:
This equation is, in fact, superposition of Eqs 4 and 6. If Eq. 8 is used for protein kinase A, we can agree that ligand L 1 means peptide, substrate or inhibitor, and L 2 denotes ATP or its congeneric nucleotides or other ATPsite directed ligands. The term Z i has the same meaning as in Eq. 6 and stands for specific interaction, observed in the case of ATP in combination with the regulatory subunit, PKI and PKI(5-24). For these ligands Z i = 2, Figure 2 . Linear free-energy relationship between pγ and pK i for inhibitors, interacting with protein kinase A in the presence of ATP (circles), AMPPNP (squares), ADP (triangles) and adenosine (stars). Arrows mark affinity of protein kinase A for the used compounds and numbers refer to the list of peptides in Table 1. while for all other ligands Z i = 0. Processing all allostery data collected in Table 1 The scatter plot, showing the calculated vs. experimental pχ values for this regression, is presented in Figure 3 . It can be seen that the interaction factors can be effectively predicted for all ligand combinations listed in Table 1 . Thus Eq. 8 provides a statistically relevant presentation of allosteric effects observed in protein kinase A.
It is important that the sensitivity factor S L1 , which describes the influence of peptide binding on the allosteric effect, is in agreement with the results of partial correlations, calculated for peptides by using Eqs 4 and 5 (S b = 0.43 and S i = 0.45 respectively). This can be taken as additional evidence for relevancy of the procedure. The sensitivity factors are different for peptides and ATP site directed ligands, as different interactions govern ligand binding at these sites. Therefore, changes in nucleotide and peptide affinity should affect allostery differently.
Secondly, the results of this correlation analysis indicate that the allosteric phenomena in protein kinase A do not depend on the nature of the ligands involved, and can be equally initiated by substrates and inhibitors, which specifically interact with the appropriate enzyme binding sites. This situation justifies once more the principle "better binding: stronger allostery", initially formulated to convey qualitative observations.
Thirdly, this linear free-energy relationship also indicates that allostery seems to be exclusively governed by ligand binding effectiveness, except the three extra potent peptides. However, even in this case the slope of the pγ vs. pK i plot was close to the S i value, as seen in Figure 1 . Therefore the same specificity determining factors, which govern ligand binding effectiveness, should also be revealed in allostery. Formally this means that enzyme specificity for substrates and inhibitors can be boosted by allostery, as the same structural fragment of ligand molecule is recognized by the enzyme twice. This means that the first act of molecular recognition takes place through the K a or K b values, while the second act of recognition is realized through the α value (see Eq. 1). Both these acts of molecular recognition can be quantified separately following the procedure described above.
For the same reasons the kinetic parameters, which involve contribution of allostery, cannot be analyzed by the simplified structure-activity relationships, based on the presumption that effects of different specificity determining factors can be calculated additively. In other words, contribution of a certain structural fragment of substrate molecule into the overall binding effectiveness of this molecule is not necessarily a constant value, but may depend on overall binding effectiveness of the ligand. More generally, this contribution may also depend on the binding properties of the second ligand, as the allosteric effect is governed by the binding effectiveness of both compounds, as formalized by Eq. 8. Certainly, this situation should complicate theoretical presentation of substrate specificity of protein kinase A, and application of structure-activity relationships for prediction of kinetic parameters for allosterically regulated bi-substrate enzymes in general. Interestingly, the role of flexibility of protein binding sites has been mentioned recently as possible source of outliers in structure-activity relationships, based on additive interaction models [28] . Therefore it is possible that many implications that are drawn on the basis of protein structural data, even if obtained for enzyme-ligand complexes, are hampered by allostery of enzyme catalysis. Until recently these properties could only be traced by the methods of complex kinetic analysis.
Finally, the extra-thermodynamic relationships discussed above describe allostery by a continuous function on ligand binding effectiveness. This means that the ligand structure dependent allosteric effect cannot be explained by shift between two, or even more enumerate conformational (and energetic) states of the enzyme. More likely, the dynamic protein molecule may continually change its conformation and through these changes smoothly modulate the binding properties of the binding sites. In these experiments the population shift of protein conformational states may be what is observed, as suggested by Gunasekaran et al. [6] . Perhaps protein kinase A is a good example of one such highly dynamic protein, and therefore allows explicit definition of this novel extra-thermodynamic aspect of allosteric cooperativity.
Structure-induced inversion of allosteric effect
Influence of ligand structure on protein kinase A allostery is a fundamental property of this enzyme, linked with the highly dynamic structure. Therefore, it was not surprising that stronger deformation of this structure by more efficient ligand binding could result in bigger changes in the binding properties. Qualitatively this situation was presented by the statement "better binding: stronger allostery", which portraits the structure-dependent positive cooperativity of this system, where pχ > 0 and ligand binding enhances enzyme affinity. However, quantitative characterization of protein kinase A allostery in terms of correlation equation 8 has opened possibility for a more deep analysis of this phenomenon. It is evident from data shown in Figures 1 and 2 , and also from Eqs 4 and 5 that pα and pγ may also have negative values. The same conclusion can be drawn from Eq. 8 for pχ, following the general definition of the interaction factor by Eq. 7. This means that for some certain combinations of allosterically interacting ligands negative cooperativity can be revealed and these substrates or inhibitors hinder the binding of each other. It is obvious that between the regions of positive cooperativity (pχ > 0) and negative cooperativity (pχ < 0) at some pK L1 and pK L2 values pχ = 0. Under these conditions the enzyme abolishes its allosteric properties and no mutual influence of ligands on their binding effectiveness should be observed. This situation can be denominated as ligand structure induced inversion of allostery.
For more detailed characterization of conditions, at which the type of allosteric interaction is inverted in protein kinase A, we can use Eq. 8. The point of inversion corresponds to pχ = 0. If we omit extra potent ligands and take Z = 0, the following interrelationship between pK L1 and pK L2 can be obtained to denote the area of inversion of type of allosteric cooperativity: pK L1 = 12 -2 pK L2 (9) For example, taking pK L2 = 4.6 (enzyme affinity for ATP), pK L1 = 2.8 can be calculated from this equation. This value agrees with the X-axis intercept of the correlation lines shown in Figures 1 and 2 , and denotes threshold for enzyme affinity for peptides, where inversion of the allosteric effect should take place in the presence of ATP. If enzyme affinity for a peptide remains under this threshold value, binding of this substrate (or inhibitor) is hindered by allostery. The inversion of the type of allostery has been practically observed with protein kinase A, as several pairs of ligands listed in Table 1 were characterized by interaction factors above one.
The dependence of the allosteric effect upon structure of ligands, and especially the possibility of inversion of the type of effect, may have principal importance for understanding specificity of the regulatory phosphorylation. Now it appears that selectivity of this process is controlled not only by substrate binding, but also through the allosteric mechanism, which may additionally support or hinder enzyme interactions with the substrate. This mechanism provides a functionally flexible way for up-or down-regulation of enzyme activity and might have physiological importance, as phosphorylation of wrong substrates can be prevented even under conditions, where the enzyme is loaded with the substrates following the mass action law. Thus, the outcome of this allosteric regulation in monomeric enzymes is the same as defined by classical theories of allostery for multimeric enzymes: making the protein response more efficient if proper ligands bind. As protein phosphorylation affects significant part of the proteome, this mechanism of specificity boosting may have multiple implications in control of vital cellular processes.
